In order to investigate the corrosive resistance of partially steel fiber reinforced concrete (PSFRC), the flexural toughness experiment of nine specimens subjected to corrosion by alternating wet and dry cycles in a simulated marine environment were conducted, which aims at investigating the influence of corrosion time, steel fiber volume fraction and SFRC thickness on PSFRC toughness. The experimental results show that both the mechanical performance and ductile characteristics of PSFRC get worse due to corrosion even if increasing the steel fiber volume. Additionally, the influence of steel fiber content on the toughness and ultimate load are greater than that of PSFRC thickness (t). The increase of 56.6 % and 171 % may be obtained to the mean ultimate load and I10 with the increase of steel fiber volume from 0.5 % to 2.0 %. This paper could offer a reference to the application of PSFRC in sea-water environment.
INTRODUCTION


The main disadvantages of concrete are its low tensile strength and brittleness, but the mixture of randomly distributed short steel fibres in concrete may improve such defect of concrete due to the randomly distributed steel fibres act as crack arrestors in cementations matrices [1 -4] . The toughness of steel fibre reinforced concrete (SFRC) is often termed as energy absorption capability when the steel fibres are pulled out for frictional work, so the addition of steel fibres to concrete produce a significant improvement on energy absorption capability [5 -7] . Moreover, the toughness is extremely important for the safety and durability of RC structure, and the most common method of toughness testing of fibre reinforced concrete is flexural toughness testing [8 -10] .
In order to reduce the cost of projects, the appropriate reinforced concrete areas of the addition of steel fibres are the parts requiring high flexural toughness such as concrete tension zone. This kind of SFRC is named partially steel fibre reinforced concrete (PSFRC) in this paper [11] .
In this project, nine testing specimens with PSFRC were subjected to corrosion by alternating wet and dry cycles in a simulated marine environment, and flexural toughness experimental investigations considering corrosion were carried out. Based on flexural toughness experiment, the effects of volume fraction (Fv), SFRC thickness (t) and corrosion time (Tcor) on the flexural toughness were analyzed, and by the load-deflection curves obtained from experiment, the flexural toughness indexes were calculated and analyzed according to
SETUP OF EXPERIMENTAL PROGRAM
Testing program
The experimental program includes corrosion testing and toughness testing. C30 was concrete class used in all of specimens, and experiment procedure consisted of two stages: (1) tests on standard 100 × 100 × 400 mm dimensions' prisms for corrosion of plain and partially steel fibre reinforced concrete. (2) four-point bending experiments on the specimens for toughness according to the code CECS 13:2009 [12] .
Materials and mixes
The dimension of the specimen is 100 × 100 × 400 mm in height, width and length, respectively. The micro fibres are mainly used to reduce the tensile cracks as concrete subjected to bending. Therefore, macro fibres have been added into the tension zone of specimens and SFRC thickness is expressed by symbol t as shown in Fig 1a. The materials used for all the concrete mixes are: Portland Cement 42.5 N, natural sand and 20 ± 5 mm gravel. The arcade steel fibres with lengths of 45 mm were used (Fig. 1 b) . Tap water was used for all the concrete mixes. The mixes used were: 300 kg/m 3 of Portland cement, 768 kg/m 3 of sand, 1152 kg/m 3 of gavel and 180 kg/m 3 of water. The total water-cement ratio was 0.60. The volume fractions of steel fibre in concrete were 0.5 %, 1.25 %, 2.0 % and the mixes were 39 kg, 97.5 kg, and 156 kg, respectively. The additions of steel fibers were shown in Fig. 1 c. The aggregate has been previously oven 
Corrosion test
The specimens were subjected to corrosion by alternating wet and dry cycles in a simulated marine environment. The concentration of NaCl in seawater according to the Huanghai Sea [13] , which is one of the four key seas of China, were approximately 3 %. To accelerate the corrosion of concrete, NaCl solution with concentration of 7 % was used as etching solution. For the all surrounding of structure members were often subjected to corrosion in practical engineering, the etching methods of spraying specimens with NaCl solution were adopted as shown in Fig. 2 a and b . After 28-day curing, all specimens were sprayed with NaCl solution for 12 hours (Fig. 2 b) and air-dried for 12 hours (Fig. 2 a) every day. The duration of dry-wet circulation lasted for 0, 1.5 and 3 months, respectively. The specimens were cleaned up and dried naturally when the circulation ended. Corrosion programme were shown in Table 1 .
Subjected to 45 and 90 cycles of the corrosion test, there were no phenomenon of concrete stripping on specimen surface but rust traces appeared in steel fibres concrete outer surface due to the generation of Fe(OH)3 by the corrosion to steel fibres as shown in Fig. 2 c. The distinct corrosion traces could be seen along the steel fibres in the concrete surface of specimen and the slight flow traces of Fe(OH)3 appeared in some of the concrete surface pores as shown in Fig. 2 c. 
Flexural toughness test method
Specimens were loaded in a four-point loading configuration with two supports spaced a distance of 300 mm and two top loading points spaced at 100 mm on the basis of the procedures required by the code CECS13:2009 [12] . Also the evaluation of toughness test results was made as specified in CECS 13:2009 [12] . The tests were conducted on a testing machine having the capacity of 200kN and the rate of loading was 0.1 kN/min. The mid-span deflection (δ) was measured using an elastic wire resistance type displacement meter (LVDT) fixed on the bottom surface of the specimen as shown in Fig. 3 . During the course of testing, the loading was kept continual and consistent till the specimen failure, and the curves between the vertical load and the mid-span deflection (load-δ) were obtained. The designed parameters of specimens such as SFRC thickness (t), steel fiber volume fraction (Fv) and corrosion time (Tcor) based on the orthogonal experimental design [14] were listed in Table 1 . 
EXPERIMENTAL RESULTS
Failure model
It could be found from test that due to low ductility, the plain concrete failed once the cracking strength was reached, but the addition of steel fibres in concrete showed excellent crack arresting performance as the specimens were not broken into two pieces at failure stage. All PFSRC specimens exhibit flexural failure with creation of one hinge in which rotation was concentrated with ongoing mid-span deflection as shown in Fig. 4 a.
Two fibre failures were found on the failure surface at mid-span cross section of specimen as shown in Fig. 4 b: one took place mostly through steel fibre pullout after progressive fibre-matrix debonding; the other was the rupture of steel fibres after yielding at the fractured section. To corrosive specimens, the almost failures of steel fibber were pullout especially after three months' corrosion due to the corrosive substances Fe(OH)3 appeared on the steel fibre surface which decreased the adhesion between steel fibre and concrete. a b 
Load-deflection relationships
Load-deflection curves in mid-span for all the specimens are shown in Fig. 5 . The black, red, blue curves express 0, 1.5 and 3 months' corrosion time, respectively. . This means that the cohesive force between concrete and steel fibres becomes weak for the occurrence of corrosion; 2. The load-deflection curves become plumper and plumper as the steel fibre content grow (seen by S4, S5 and S6), on the contrary, it becomes thinner and thinner (seen by S1, S2 and S3). It suggests that steel fibre content is advantage on the improvement of flexural toughness, but corrosion is disadvantage; 3. The peak vertical load increase with the increase of steel fibre content (Fv) and SFRC thickness (t). This is because the disordered fibres distributing inside the concrete in three dimensions could form a structural support inside the concrete.
Evaluation of flexural toughness indexes
Flexural toughness is defined as the post-crack energy absorption ability of steel fibre concrete, and the most common measure method is use the load-deflection curve, which can be calculated using the area under the loaddeflection curves based on CECS13:2009 [12] . In The residual strength factors R could be derived from toughness indexes I5, I10 and I30, such as residual strength factor R5,10 is taken as (I10 -I5) × 20 according to (ASTM: C1018-97) [15] . The results of ultimate load, δ, I5, I10 and R5,10 for all the load-deflection curves of test specimen are listed in Table 2 .
Discussion of flexural toughness indexes
PSFRC toughness indexes change with corrosion time (Tcor), fibre contents (Fv), and PSFRC thickness (t). To all of toughness indexes, I10 is often adopted for the evaluation of flexural toughness due to the large difference between the load-deflection curves at the relatively large deflection stage. The mean values of each parameter under the same factors are used to reflect the change of PSFRC performance. The symbol  represent ultimate load, δ, I10
and R5,10 in Fig. 7, Fig. 8, and Fig. 9 , and detailed discussions are given as following. corrosion decreased the deflection and ultimate loads of specimen, such as the deflection of corrosive specimens decreased 9.2 % (Tcor = 1.5) and 19.7 % (Tcor = 3.0) compared to no corrosive specimen s1, respectively. It indicates that corrosion decrease the stiffness and carrying capacity of PSFRC specimens. Similarly, the decline trend of I10 also inferred that corrosion has disadvantageous influence on PSFRC toughness.
The residual strength R5,10 could provide a clearer comparison on the negative effects due to corrosion on decreasing the post-cracking toughness of PSFRC. From  Fig. 7 , the decrease of R5,10 by 35.3 % and 38.8 % when the corrosion times are 1.5 and 3.0 months, which show that corrosion decrease the post-cracking behaviours and cause to a poor ductility. The influences of the steel fiber volume fraction on PSFRC are shown in Fig. 8 . It can be seen that the addition of fibers in concrete have a significant improving effect on its flexural toughness. Compared with the PSFRC containing 0.5 % steel fiber, ultimate loads are increase by 23.5 % and 56.6 % as 1.25 % and 2.00 % steel fiber content, respectively, and the additions of steel fibers have less effect on the early uncracked stiffness.
Compared with 0.5 % steel fiber content, I10 is increase by 86.2 % and 171 % as 1.25 % and 2.0 % steel fibers content, respectively. It can be inferred that the volume fraction plays a major role on the improvement of PSFRC structure ductility. Also, the R5,10 of specimens have a high increase with the steel fibers volume increase due to the contribution of steel fibers in improving the post-cracking characteristic. The flexural toughness of PSFRC also increase when SFRC thickness increase from 25 mm to100 mm as shown in Fig. 9 .
Influence of PSFRC thickness
The mean first crack deflection δ exhibits an irregularly varying trend as to the increase of the SFRC thickness due to SFRC thickness has less effect on the first crack deflection or the measurement error of test may be having a greater impact on test results because of smaller first crack deflection values.
The indices, I10 and R5,10 show the anticipated trend that a greater thickness of SFRC results in a greater toughness.
DISCUSSION
To investigate the performance of PSFRC, the toughness indexes I10 comparison of PSFRC and SFRC (data from the literature [5] ) are shown as the change of steel fiber content in Fig. 10 . Compared to literature [5] reported that SFRC I10 increased to 145 %, which is 186 % in our test, as for the steel fiber content increase from 0.5 % to 2.0 %, it can be inferred that the volume fraction has more influence on PSFRC than SFRC. So the increase of steel fiber content is an effective measure to improve the toughness of PSFRC.
Also, in order to investigate the corrosion resistances of PSFRC toughness as contrast with SFRC, comparison with SFRC (data from the literature [16] ) are carried out corresponding with corrosive time. Because there are no exact same experimental conditions, the data from literature [16] are used, which NaCl solution concentration is 5 %, closed to the experimental condition of our paper. In literature [16] , the indexes I10 of SFRC specimens with fiber contents 0.5 % and 1 % reduced to about 9.8 % after 1.0 month corrosion, which is lower than PSFRC. Through the above comparison, it can be seen that in the reality of engineering practice, only the addition of steel fibers to the parts requiring high flexural toughness performance in the structural member could enhance the strength and flexural toughness of concrete and structural components. Overall, the increase of steel fiber content and SFRC thickness improve the toughness and ultimate load for PSFRC. However, by comparison of the varying of the toughness indices due to the steel fibers content and PSFRC thickness, it can be found that the effect of steel fibers content on the toughness and ultimate load are greater than that of SFRC thickness. In other word, the flexural toughness is supposed to increase mainly owing to the fact that a greater amount of steel fiber exists, which enable a greater capability of resisting the tensile stress and corrosion, especially at the post-cracking stages. So, in the reality of engineering practice, to enhance the strength and flexural toughness of PSFRC, the best way is the increase of steel fibers content rather than the SFRC thickness.
CONCLUSIONS
The following conclusions could be drawn from this study: 1. PSFRC (Only the addition of steel fibers to concrete parts requiring high flexural toughness performance) could significantly enhance the strength and flexural toughness of concrete; 2. All PSFRC specimens exhibit a good ductility and post-crack deformability; the pullout of steel fibre is the main failure to PSFRC specimen subjected to corrosion; 3. Corrosion could reduce the toughness properties of PSFRC structure, and the decrease of PSFRC toughness due to corrosion greater than SFRC, and specimens with steel fibre content of 2.5 % indicated better corrosion resistance compared to the other specimens; 4. Compared to the PSFRC specimens containing 0.5 % steel fibre, the mean ultimate load and I10 are increase by 56.6 % and 171 % as 2.0 % steel fibres, respectively. So the best way to enhance the strength and flexural toughness of PSFRC concrete may be the increase of steel fibre content rather than the SFRC thickness. 5. In the reality of engineering practice, PSFRC could enhance the strength and flexural toughness of concrete or structural components, and reduce the cost of projects compared with SFRC.
